everal fatal, progressive neurodegenerative diseases, including various prion and prion-like disorders, are connected with the misfolding of specific proteins. These proteins misfold into toxic oligomeric species and a spectrum of distinct self-templating amyloid structures, termed strains. Hence, small molecules that prevent or reverse these protein-misfolding events might have therapeutic utility. Yet it is unclear whether a single small molecule can antagonize the complete repertoire of misfolded forms encompassing diverse amyloid polymorphs and soluble oligomers. We have begun to investigate this issue using the yeast prion protein Sup35 as an experimental paradigm. We have discovered that a polyphenol, (-)epigallocatechin-3-gallate (EGCG), effectively inhibited the formation of infectious amyloid forms (prions) of Sup35 and even remodeled preassembled prions. Surprisingly, EGCG selectively modulated specific prion strains and even selected for EGCG-resistant prion strains with novel structural and biological characteristics. Thus, treatment with a single small molecule antagonist of amyloidogenesis can select for novel, drug-resistant amyloid polymorphs. Importantly, combining EGCG with another small molecule, 4,5-bis-(4-methoxyanilino)phthalimide, synergistically antagonized and remodeled a wide array of Sup35 prion strains without producing any drug-resistant prions. We suggest that minimal drug cocktails, small collections of drugs that collectively antagonize all amyloid polymorphs,
Protein misfolding and aggregation are common features of several of the most devastating and currently untreatable neurodegenerative diseases confronting humankind. 1, 2 For example, the brains of Alzheimer disease (AD) patients are characterized by extracellular protein deposits, termed plaques. 3 These deposits consist of amyloid fibrils, structurally defined as fibrillar polypeptide aggregates with a cross-β conformation, in which the β-strands align orthogonal to the fiber axis to generate an intermolecular β-sheet. 4 These cross-β structures are exceptionally stable (e.g., protease-and detergent-resistant) and therefore extremely difficult to clear. 5 Moreover, once initiated, amyloidogenesis can cascade out of control because amyloid fibrils seed their own assembly by recruiting non-amyloid conformers to fibril ends and converting them to the cross-β form. 5 Specific polypeptides that tend to populate intrinsically unfolded states, but which do not share any primary sequence homology, switch to the amyloid state in specific neurodegenerative disorders. 1, 6, 7 For example, Aβ forms amyloid plaques in AD, tau forms neurofibrillary tangles in AD and tauopathies, α-synuclein forms amyloid inclusions called Lewy bodies in Parkinson's disease (PD) and polyglutamine-expanded huntingtin forms cytosolic and nuclear inclusions in Huntington disease (HD).
to have already accrued prior to administration of any treatment. Typically, amyloidogenic polypeptides fold spontaneously into an ensemble of distinct strains. 19, [30] [31] [32] [33] 68, 69 Little is known about the precise atomic structures of these distinct cross-β structures in the context of full-length proteins. Yet studies with short peptides (4-12 amino acids) have yielded atomic insights into cross-β diversity. 70, 71 The ability of a single polypeptide to populate distinct amyloid forms is likely due to large portions of Ramachandran space being available to the main chain within the constraints of cross-β architecture. 19, 72 This freedom likely enables side chains to pack in different ways to achieve various unique and energy-minimized cross-β structures. 19, [70] [71] [72] Once each cross-β form has originated, it can then amplify by high fidelity self-templating.
The precise composition of the strain ensemble depends on the environment. For example, PrP, Aβ and polyglutamine assemble into distinct strains ensembles at 4°C versus 37°C. 32, 68, 69 Different strain ensembles confer distinct phenotypes, including the degree of neurotoxicity. 31, 32, 73 Precisely how distinct strains encode distinct phenotypes remains unclear, although two environmentally-sensitive kinetic properties may be important: the rate at which fibril ends self-template and the rate at which fibrils fragment to liberate new self-templating surfaces. 19, 36, 68 Remarkably, at least 15 different prion strains have been described for mammalian PrP, 22 which confer distinct transmissible neurodegenerative disorders differentiated by the rate of disease progression and pathology. This cloud of diverse misfolded forms is further elaborated by the suite of toxic, non-amyloid oligomeric species that accumulate prior to fibril formation. 26, 28 These oligomeric species can also take a variety of poorly defined structural forms. 26, 28, 29 This conformational diversity severely complicates the development of potential small molecule therapeutics, particularly because small molecules are likely to be applied only after structurally diverse misfolded forms have already accumulated. Among these misfolded forms, unlike many other protein targets, there is no single well-defined atomic structure For instance, antibodies or fragments of antibodies that recognize amyloid proteins effectively inhibit the formation of amyloid deposits and can reduce the associated toxicity. 45 Yet because of their size and immunological properties, antibodies can pose substantial problems as potential therapeutics. 44 Another approach might involve the targeted expression of agents that prevent or reverse amyloidogenesis. For example, expression of the protein disaggregase Hsp104 can reduce protein aggregation and associated neurodegeneration in rodent models of HD and PD. [46] [47] [48] [49] However, such an approach in humans would seem to require gene therapy, which has delivered promising preclinical outcomes for several diverse disorders, including congenital blindness 50, 51 and PD. [52] [53] [54] Yet gene therapy has not been readily translated to the clinic due to a legion of significant technical and safety issues.
As an alternative strategy, small molecules that prevent or reverse amyloidogenesis may hold more immediate therapeutic potential. Yet inhibiting amyloid formation or even remodeling pre-formed amyloids might present a daunting biophysical task for small molecules for two major reasons: (1) Small molecules lack the size and bulkiness that seem to be required to interfere with the comparatively large surfaces of protein-protein interactions within an amyloid fibril. (2) The intermolecular protein-protein contacts within amyloids are among the strongest in nature and thus may resist modulation by small molecules. 5, 55, 56 Another challenge is found in the blood-brain barrier (BBB), which sharply limits which small molecules can enter the brain. 57 Ideally, lead small molecules should efficiently cross the BBB. 58 In spite of these obstacles, work by many groups has identified small molecules that are able to effectively inhibit amyloid formation and modulate, or even remodel pre-formed amyloids. 19, 43, [59] [60] [61] [62] [63] [64] [65] [66] [67] The Challenge of Conformational Diversity A colossal challenge facing any therapeutic strategy aimed at antagonizing amyloidogenesis is to cope with the conformational diversity of misfolded forms that are likely Burgeoning evidence suggests these self-templating amyloid forms can disseminate and be transmitted from cell to cell, thereby spreading neuropathology through contiguous tracts of the brain in afflicted individuals. 1, [8] [9] [10] [11] [12] [13] [14] [15] [16] Indeed, in some cases amyloid forms can be infectious. 17, 18 That is, they are naturally transmitted between individuals and promote phenotypic change. 1, [19] [20] [21] These infectious amyloid forms are termed prions. 1, [19] [20] [21] In mammals, infectious forms of prion protein (PrP) cause transmissible spongiform encephalopathies, such as bovine spongiform encephalopathy in cattle, chronic wasting disease in elk and deer and variant Creutzfeldt-Jakob disease in humans. 20, [22] [23] [24] Despite immense experimental effort, the precise role of amyloid deposits in the pathobiology of various neurodegenerative diseases is still highly debated. While earlier work suggested that the amyloid form represents a toxic, pathogenic species, more recent studies imply that amyloid deposits could either be an epiphenomenon of protein misfolding, or even represent a neuroprotective conformation. 25 Indeed, abundant evidence suggests that the soluble oligomeric intermediates that form prior to fibers during amyloidogenesis may be even more neurotoxic than amyloid fibrils. Thus, sequestration of protein into fibrillar inclusions at the expense of oligomers may be protective. [26] [27] [28] [29] However, a ubiquitous feature of amyloidogenesis is that a single polypeptide can access multiple distinct amyloid structures, termed strains. 1, 18, 19, 22, [30] [31] [32] [33] [34] Different strains can confer different phenotypes. 18, 22, [30] [31] [32] [33] 35, 36 Some strains are highly toxic, whereas others are more benign. 31, 32, 35 Moreover, amyloid forms represent a space-occupying lesion and due to steric constraints of the amyloid form, proteins often lose functionality in this state. 37 Indeed, this loss of protein function may contribute to several neurodegenerative disorders. [38] [39] [40] Hence, as a therapeutic strategy both pharma and academia continue to explore antagonists of amyloidogenesis. [41] [42] [43] Encouragingly, numerous studies using diverse disease models document that the prevention or the elimination of amyloid deposits can reduce neurodegeneration. 25, 44 sequence complexity, composed primarily of glutamine, asparagine, glycine and tyrosine. Together N and M (NM) confer all the properties needed to form a stable prion in yeast, and are termed the prion domain. 81, 83 In isolation, Sup35, NM and N can all spontaneously access infectious amyloid forms. 30 (Fig. 1B) . A collection of single cysteine NM mutants, which behave like wild-type NM, have allowed the strategic placement of fluorescent probes (e.g., pyrene or acrylodan) to provide position-specific information concerning the local environment of individual residues within NM in various conformational states. 33, 60, 61 These tools have allowed definition of the intermolecular contacts that hold Sup35 prions together, as well as the definition of the primary sequence sequestered in cross-β facilitates faithful translation termination. 21 In [PSI + ] cells, Sup35 accesses various insoluble, prion forms. 21 Consequently, Sup35 function is partially impaired, which leads to reductions in translation termination fidelity. 21 The 60, 61 Importantly, these distinct [PSI + ] strains can be readily generated beginning with pure Sup35 in the test tube (Fig. 1A) . 30, 33, 36, 61, 77 Sup35 is a modular protein comprised of a C-terminal GTPase domain (C, amino acids 254-685), which confers translation termination activity (Fig. 1A) . Whether Sup35 adopts a prion or a non-prion state is determined by interplay between the middle domain (M, amino acids 124-253) and the N-terminal domain (N, amino acids 1-123). M is enriched in charged residues and confers solubility, 81 whereas N is extremely amyloidogenic 82 and of unusually low immediately amenable for rational drug design. 74 Thus, one approach has been to design small molecules that stabilize the natively folded state of the protein, such that it is less likely to access amyloidogenic misfolding trajectories. For example, stabilizing the tetrameric form of transthyretin (TTR) with small molecules increases the kinetic barrier associated with misfolding. 67 A drug discovered using this approach is now in Phase II/III clinical trials in patients suffering from TTR amyloid polyneuropathy. However, for many amyloidogenic proteins the native state is intrinsically unfolded and it is unclear how to stabilize this form. Ideally, a small molecule therapeutic would antagonize the complete repertoire of structurally distinct misfolded forms. For example, to effectively eradicate amyloids a small molecule would have to remodel not only one specific strain but many if not all possible strains of an amyloid that might be present in a patient's brain. However, a key issue that has remained unaddressed is whether a single small molecule can directly antagonize the entire spectrum of structurally distinct misfolded forms, including diverse amyloid or prion strains.
The [PSI + ] Toolbox
To address this issue for prionogenic proteins, we needed a defined system to study different prion strains comprised of pure protein. The generation of distinct mammalian prion strains with pure PrP, which infect and cause distinct transmissible diseases in wild-type mice, has proven challenging, even though several key advances have been made. 17, 24, 35, 68 Hence, we turned to Sup35, a translation termination factor, which can be readily assembled into various pure infectious amyloid strains that confer distinct heritable reductions in translation termination fidelity and comprise variants of the yeast prion [PSI + ]. 30, 33, 36, 61, [75] [76] [77] With an array of in vitro and in vivo tools to study bona fide prion strains, Sup35 offers a powerful system to deconstruct how small molecules directly affect the folding, formation and integrity of distinct misfolded forms.
[PSI + ] is one of the most prominent and studied yeast prions. 21 In [psi -] cells, Sup35 is found in its soluble, non-prion form and contacts that are separated by a central core, which together comprise the crossbeta structure (Fig. 1A and B) . Indeed, NM4 and NM25 strains have different intermolecular contacts in assembled Sup35 prions (Fig. 1B) . Thus, Sup35 fibers are proposed to consist of an alternating sequence of head-to-head and tail-to-tail structure. 33, 60, 61 Short prion recognition elements within the N-terminal domain of Sup35, termed "head" and "tail" (Fig.  1A) , are proposed to make homotypic 83 within N, prion recognition elements termed the "head" (red) and "tail" (green), which flank a "central core" (blue), play important roles in prion formation. 33, 90 (B) Sup35 prions adopt a polymeric cross-beta structure. in one proposed model (left), this amyloid structure is composed of the head (red), central core (blue) and tail (green) regions of N. the m and C domains are located on the exterior of this structure and are not depicted for clarity. if we zoom in on three adjacent monomers in the Sup35 prion polymer, we find that the prion is proposed to be maintained by an alternating sequence of head-to-head (red) and tail-to-tail (green) intermolecular contacts. the central core is sequestered in intramolecular contacts (blue). Different Sup35 prion strains assemble under different environmental conditions. thus, Nm25 assembles at 25°C or when Nm is chemically crosslinked with BmB in the tail region. 33, 61 Nm4 assembles at 4°C or when Nm is chemically crosslinked with BmB in the head region. 33, 61 Nm4e assembles in the presence of eGCG at 4°C. 61 these prion strains have subtle differences in the precise residues that comprise the head, tail and central core (right). the residues that comprise the head, tail and central core are shown to the right of each central protomer. Nm25, Nm4 and Nm4e are distinguished by their different tail-to-tail contacts and central core region. 61 moreover, Nm4e has a distinct head-to-head contact. 61 Aβ and α-synuclein. 63 EGCG also inhibited assembly of Aβ and α-synuclein that was seeded by preformed fibrils and even remodeled preformed toxic oligomers of Aβ and α-synuclein. 63 Thus, EGCG can antagonize various preformed misfolded species. Yet whether EGCG could target different amyloid strains of the same polypeptide remained uncertain.
Using assembly temperature and BMB crosslinking to control the strain bias of pure NM, we demonstrated that EGCG selectively inhibited formation of NM25 by preventing the maturation of molten oligomers that is required for de novo prion formation. 61, 95, 96 Under assembly conditions where NM4 was favored, EGCG failed to inhibit prion formation. 61 We verified these findings with full-length Sup35. 61 Intriguingly, however, at 4°C in the presence of EGCG, NM4 did not form. 61 Instead, a new prion strain, termed NM4E, assembled with N-terminally shifted head and tail intermolecular contacts that were resistant to EGCG 61 (Fig.  1B) . Thus, under some environmental conditions, a single prion protein can fold into a new strain with shifted intermolecular contacts that evades an otherwise potent small molecule antagonist. 61 This unexpected plasticity of prionogenesis exposes the difficulty it poses to drug development.
We corroborated these findings in vivo. 61 61 These data indicate that EGCG might also inhibit Rnq1 prions from cross-seeding the formation of NM25 but not NM4, a possibility that remains intermolecular contacts and sequester overlapping but distinct portions of the N-terminal domain (N) in their amyloid core 33, 60, 61 (Fig. 1B) . The length of primary sequence sequestered in intramolecular contacts (central core) and the position of the C-terminal intermolecular contact (tail) are markedly different between NM4 and NM25 33, 60, 61 (Fig. 1B) . Although the N-terminal intermolecular contact (head) is similar in NM4 and NM25, residues N-terminal to the head are organized differently in the two strains. 33, 61, 76 This collection of single cysteine mutants also allows the assembly of specific prion strains regardless of the assembly temperature. 33, 61 Thus, specific crosslinking of single cysteine NM mutants in the head with 1,4-bis-maleimidobutane (BMB) causes formation of NM4 at 4°C and 25°C, whereas BMB crosslinking in the tail causes formation of NM25 at 4°C and 25°C 33, 61 (Fig. 1B) . The atomic structures of Sup35 prion strains remain unknown and several models have been proposed. 33, 61, 71, 76, [90] [91] [92] [93] Nevertheless, the formation of bona fide Sup35 prion strain ensembles is readily controlled and these strains are distinguished at the resolution of spatial arrangements of individual amino acids. 33, 61, 76 The combination of in vitro and in vivo approaches available to study Sup35 prions presents an unparalleled experimental platform to determine the direct effects of small molecules on different prion strains and decipher the molecular bases for these effects.
EGCG: A Strain-Selective Antagonist
We initially focused on (-)epigallocatechin-3-gallate (EGCG) (Fig. 1C) , a polyphenol that is highly abundant in green tea. Several studies document that EGCG effectively inhibits the de novo amyloidogenesis of various disease-associated proteins, such as α-synuclein, tau, PrP, polyglutamine-expanded huntingtin and Aβ. 56, 62, 63, 65, 94 EGCG appears to inhibit assembly by redirecting proteins into stable oligomers and monomeric forms that are not competent for amyloidogenesis. 63 Importantly, these EGCG-induced conformers are much less toxic to neuroblastoma cells in culture than amyloid forms of highly probable that other amyloidogenic proteins assemble into different strains in different individuals suffering from the same neurodegenerative disease. A single molecule might thus show positive effects only in one group of patients that harbor a particular amyloid strain but might fail in many other groups that harbor different amyloid strains. We further speculate that individual patients or even individual neurons within individual patients are likely to harbor multiple amyloid strains. In this case a single small molecule would most likely be completely ineffective. Moreover, our results indicate an even more insidious threat posed by treatment of amyloidassociated neurodegenerative diseases with a single small molecule. In analogy to the EGCG-mediated generation of a drug-resistant strain of [PSI + ], the treatment with a single small molecule might produce drug-resistant and, possibly, more neurotoxic amyloid strains and thus may worsen the condition of a patient. Indeed, during mammalian prion infection continuous treatment with quinacrine can lead to the appearance of quinacrine-resistant prions that maintain the infection and neurodegeneration. 100 It is already clear that small molecules can have strainselective effects on mammalian prion infections. 105 Thus, it is important to identify small-molecule scaffolds that are prone to giving rise to new amyloid polymorphs and either avoid these scaffolds altogether or incorporate them into more broad spectrum drug cocktails.
In our experimental paradigm, only the combination of EGCG and DAPH-12 cured different [PSI + ] strains and precluded the emergence of a new drug resistant prion strain. Hence, we suggest that combining different small molecules that directly modulate amyloidogenesis by distinct molecular mechanisms presents a promising strategy. Ideally, a minimal collection of small molecules that together targets all conformational variants is sought to diminish any increased side effects or toxicity of each single small molecule. 106 Treatments with minimal drug combinations are already successfully applied to overcome the emergence of drug resistance in microbial infections and lessons learned from these systems might also be appropriate for the treatment predominantly non-replicating conformers. 60 61 Unlike EGCG, DAPH-12 remodeled only the intermolecular contacts of NM25 and did not affect the intramolecular contacts. 60, 61 Thus, although DAPH-12 also operates most potently against NM25, it modulates Sup35 prions by a distinct molecular mechanism to EGCG. 60, 61 Importantly, DAPH-12 never produced new drug-resistant prion strains. 61 This distinct mechanistic action of DAPH-12 suggested that DAPH-12 might synergize with EGCG to antagonize Sup35 prionogenesis. Indeed, when we combined DAPH-12 and EGCG, they synergized to prevent and reverse the formation of NM4 and NM25. 61 Strainspecific intra-and intermolecular contacts were most effectively disrupted by the drug combination. 61 Also, the formation of the new EGCG-resistant strain, NM4E, was effectively inhibited by the additional presence of DAPH-12. 61 Pre-formed NM4E was remodeled by DAPH-12 alone, and in this instance the combination was no more effective than DAPH-12 alone. 61 The combination of DAPH-12 and EGCG also synergized in curing multiple distinct [ Based upon our results, we advocate the exploration of effective small molecule combination strategies for the treatment of amyloid-associated neurodegenerative diseases. It seems unlikely that a single small molecule holds the capacity to overcome the dynamics of amyloid formation, propagation and the generation and maintenance of diverse amyloid strains. The strain phenomenon has only recently been explored for non-prion amyloids 31, 32, 69 and there are still many open questions. Yet in analogy to PrP or Sup35, it seems Whether EGCG is strain-selective for other amyloidogenic proteins or whether Sup35 prion strains are uniquely able to escape its inhibitory effects remains uncertain. However, a rapidly assembling variant of α-synuclein can escape inhibition by EGCG, perhaps by accessing a different strain. 101 While many small molecules have the capacity to inhibit amyloid formation, there are fewer examples of small molecules that remodel pre-formed amyloids. EGCG was very effective in remodeling NM25 and recent studies suggest that EGCG also remodels amyloid fibrils formed by Aβ or α-synuclein. 64 In analogy to our studies using NM25, EGCG converted large Aβ or α-synuclein fibrils into smaller aggregated species. 64 These smaller aggregates, unlike larger amyloid fibrils, were not toxic to neuroblastoma cells in culture. 64 EGCG also remodels amyloid forms of prostatic acidic phosphatase fragments, which can potentiate HIV infection. 102, 103 Moreover, EGCG might help reduce amyloid burden in amyloid light chain amyloidosis. 104 Thus, EGCG can target various amyloidogenic proteins although it remains unclear to what extent these effects are strain-selective.
Combinatorial Treatment with EGCG and DAPH-12
We next asked whether combining EGCG with another small molecule might help antagonize a broader spectrum of different Sup35 prion strains and prevent the formation of drug-resistant prions. We first considered 4,5-bis-(4-methoxyanilino)phthalimide (DAPH-12) (Fig. 1D) . We had previously demonstrated that DAPH-12, an analog of 4, 5-dianilinophthalimide, which remodels Aβ fibrils 66 but not α-synuclein, tau or mammalian prions, 60 inhibits NM25 formation in vitro by disrupting early folding events in molten oligomers that nucleate prion assembly. 60 DAPH-12 also antagonized assembly of NM4, but this inhibition was less pronounced than that observed with NM25. 61 In contrast to EGCG, however, a new prion strain did not form in the presence of DAPH-12.
61 DAPH-12 also remodeled preformed NM25, NM4 and NM4E prions, but was considerably more effective against NM25, which was converted to of neurodegenerative amyloidoses. 19, 107, 108 Moreover, small molecule combinations that modulate proteostasis can have synergistic therapeutic effects in models of lysosomal storage disorders. 109 The yeast prion [PSI + ] allowed us to explore the molecular mechanism by which EGCG and DAPH-12 synergize to eradicate infectious amyloid forms. The unique and powerful experimental arsenal available for studying [PSI + ] revealed the prion strain-selectivity of EGCG, the EGCG-mediated emergence of a drug resistant prion strain and provided the mechanistic rationale to test the drug combination of EGCG and DAPH-12. While future research will be needed to explore the effects of drug cocktails in the context of other amyloidogenic proteins and other model organisms, the yeast prion system will undoubtedly continue to provide valuable insights into the interaction of small molecules with amyloidogenic proteins.
